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GUIDANCE ANALYSIS OF ENTRY CORRIDORS FOR 

AERODYNAMIC BRAKING INTO ORBIT AROUND MARS OR VENUS 

By Benjamine J .  Garland 

1 .0  SUMMARY 

A guidance system f o r  use  of aerodynamic braking of  a spacec ra f t  i s  
descr ibed.  The guidance equations attempt t o  c o n t r o l  t h e  apoapsis  a l t i -  
t u d e  and i n c l i n a t i o n  of t h e  t r a j e c t o r y  a f t e r  t h e  spacec ra f t  s k i p s  from t h e  
atmosphere by a roll of t h e  spacecraf t .  A propuls ion  system i s  r equ i r ed  
t o  change t h e  s k i p  t r a j e c t o r y  t o  the  t a r g e t  o r b i t .  

This  guidance system w a s  used t o  eva lua te  t h e  f e a s i b i l i t y  of aerody- 
namic braking being used f o r  entry speeds of between 18 000 f p s  and 
26 000 f p s  a t  Mars and between 36 000 f p s  and 46 000 f p s  at Venus. 
assumed spacec ra f t s  had l i f t - t o -d rag  (L/D) r a t i o s  of 0 .5  and 1 . 0  a t  Mars. 
The spacec ra f t  f o r  Venus had an  L/D of 1.0.  The b a l l i s t i c  c o e f f i c i e n t  
(W/CDS) w a s  100 psf  f o r  t h e  O.5-L/D spacec ra f t .  

had a b a l l i s t i c  c o e f f i e i e n t  of between 100 psf  and 1000 p s f .  The f e a s i -  
b i l i t y  of aerodynamic braking being used f o r  t h e  higher  v e l o c i t i e s  a t  
Venus i s  quest ionable .  The use  of t h e  aerodynamic braking maneuver does 
appear t o  be f e a s i b l e  a t  Mars. 

The 

The l .O-L/D spacec ra f t  
a 

2.0 INTRODUCTION 

Previous s t u d i e s  ( r e f .  1) have shown t h a t  t h e  i n i t i a l  s i z e  of a n  
i n t e r p l a n e t a r y  spacecraf t  can be  reduced s i g n i f i c a n t l y  i f  t h e  atmosphere 
of t h e  t a r g e t  p l ane t  i s  used t o  decrease t h e  v e l o c i t y  of t h e  spacec ra f t .  
The aerodynamic fo rces  developed by t h e  spacec ra f t  a r e  used t o  change t h e  
t r a j e c t o r y  from t h e  hyperbolic approach pa th  t o  an e l l i p t i c  pa th  t h a t  has 
a s p e c i f i e d  apoapsis  a l t i t u d e .  The most e f f i c i e n t  p l ace  t o  use  t h e  prop-. 
u l s i o n  
atmosphere. 
w i l l  be co r rec t ed  by a change i n  the-  p e r i a p s i s  ve loc i ty .  

system i s  ne= t h e  apoapsis t o  r a i s e  t h e  p e r i a p s i s  above t h e  s e n s i b l e  
If f o r  some reason the des i r ed  apoapsis  i s  not ob ta ined ,  it 

A guidance system descr ibed i n  r e fe rence  2 w a s  used t o  s tudy t h e  
f e a s i b i l i t y  of aerodynamic braking being used t o  e s t a b l i s h  an o r b i t  a t  



2 

Mars. 

The e n t r y  speed w a s  va r i ed  between 17 000 f p s  and 20 000 f p s .  

The assumed spacec ra f t  had an L/D of 0 .5  and a W/CDS of 120 p s f .  

The study has been extended t o  include aerodynamic braking at Venus 
and higher en t ry  speeds a t  Mars. 
36 000 f p s  and 46 000 f p s .  
and 26 000 f p s .  
spacec ra f t  h a s  an L/D of 1 . 0  and a W/C S of  100 psf t o  1000 p s f .  

necessary t o  modify t h e  guidance l o g i c  used i n  r e fe rence  2 because of t h e  
wirier range of operatinp; cond i t ions .  

The e n t r y  speeds a t  Venus are between 

This 
It w a s  

The en t ry  speeds a t  Mars a r e  between 18 000 f p s  
Another c l a s s  of spacec ra f t  w a s  a l s o  considered. 

D 

The r e s u l t s  of t h e  study of t h e  e n t r y  c o r r i d o r s  a t  Mars and Venus a r e  
The flow diagrams of t h e  guidance system and t h e  included i n  t h i s  r e p o r t .  

values  of t h e  guidance cons t an t s  a r e  presented i n  t h e  appendix. 

3.0 SYMBOLS 

‘D 

D 

gE 

h 

L 

S 

V 

W 

Y 

AvT 

P 

drag c o e f f i c i e n t  , n.d. 

drag, l b  

acce le ra t ion  of g r a v i t y  a t  su r f ace  of Ea r th ,  32.2 f p s  

a l t i t u d e ,  f t  o r  n. m i .  

l i f t ,  l b  

reference area, f t  2 

ve loc i ty  , f p s  

weight, l b  

f l i gh t -pa th  angle ,  deg o r  rad 

t o t a l  v e l o c i t y  required t o  e s t a b l i s h  t h e  t a r g e t  o r b i t ,  f p s  

2 4  densi ty ,  lb-sec / f t  
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Subscr ip ts  

en e n t r y  

P p e r i a p s i s  

4.0 METHOD 

4.1 Descr ip t ion  o f  Maneuver t o  E s t a b l i s h  Orb i t s  

The sequence of maneuvers used t o  e s t a b l i s h  t h e  o r b i t  i s  shown i n  
f i g u r e  1. The spacecraf t  approaches t h e  p lane t  along a hyperbolic path 
which must i n t e r s e c t  t h e  atmosphere wi th in  c e r t a i n  l i m i t s  known as t h e  
e n t r y  co r r ido r .  The purpose of  the atmospheric phase i s  t o  decrease t h e  
speed of t h e  spacecraf t  an8 t o  de f l ec t  i t s  pa th  so t h a t  it leaves  t h e  
atmosphere along a t r a j e c t o r y  with t h e  des i r ed  apoapsis  a l t i t u d e .  
p e r i a p s i s  of t h e  s p a c e c r a f t ' s  o rb i t  i s  r a i s e d  above t h e  atmosphere by an 
inc rease  i n  t h e  s p a c e c r a f t ' s  apoapsis v e l o c i t y .  I n  a c t u a l  p r a c t i c e ,  t h e  
apoapsis  a l t i t u d e  of t h e  e x i t  t r a j e c t o r y  w i l l  not  equal t h e  apoapsis  a l t i -  
t ude  of t h e  t a r g e t  o r b i t .  Therefore, t h e  apoapsis  a l t i t u d e  w i l l  be ad- 
j u s t e d  by a change i n  t h e  ve loc i ty  a t  t h e  p e r i a p s i s  of t h e  in te rmedia te  
o r b i t .  The depth of t h e  e n t r y  corr idor  and t h e  t o t a l  v e l o c i t y  change re- 
qu i r ed  t o  e s t a b l i s h  t h e  t a r g e t  o rb i t  (AV ) a r e  two convenient measures of T 
t h e  performance of t h e  combined spacecraf t  and guidance system. 

The 

A more d e t a i l e d  desc r ip t ion  of t h e  atmospheric phase i s  shown i n  
f i g u r e  2. 
va lues  of t h e  acce le ra t ion  of the  spacecraf t  caused by aerodynamic f o r c e s .  
The atmospheric phase i s  divided i n t o  t h r e e  phases by t h e  guidance system. 
These subdivis ions a r e  t h e  t r a n s i t i o n  t o  a cons tan t  a l t i t u d e ,  t h e  constant  
a l t i t u d e  phase, and t h e  e x i t  phase. 

The beginning and end of t h i s  phase a r e  def ined  by a r b i t r a r y  

4.2 Description of  Guidance System 

The guidance equat ions were developed i n  r e fe rence  2 and t h e  flow 
ddagrams of t h e  guidance l o g i c  are  presented i n  t h e  appendix. This s ec t ion  
i s  l imi t ed  t o  a b r i e f  desc r ip t ion  of t h e  guidance system. 

The guidance system assumes t h a t  t h e  spacecraf t  produces a constant  
va lue  of L/D and t h a t  t h e  only method used t o  c o n t r o l  t h e  spacecraf t  i s  
t o  roll t h e  veh ic l e .  The guidance uses  approximate a n a l y t i c  so lu t ions  t o  
t h e  equations of motion t o  determine t h e  requi red  roll angle .  This  tech- 
nique i s  t y p i c a l  of closed-form predic t ion  guidance schemes. 

The bas ic  arrangement of t h e  guidance l o g i c  i s  shown i n  f i g u r e  3. 

I n  t h e  naviga t ion  sec t ion ,  t h e  
The guidance commands a r e  based on t h e  changes i n  t h e  v e l o c i t y  measured 
by t h e  i n e r t i a l  measurment u n i t  (IMU). 
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output of the IMU i s  used t o  c a l c u l a t e  t h e  p o s i t i o n  and v e l o c i t y  of t h e  
spacec ra f t .  
used f o r  t h e  Apollo guidance ( r e f .  3 )  and a r e  used once during each cyc le  

i through t h e  computer. 

Bas i ca l ly ,  t h e  navigat ion equations are  t h e  same as those  

The mode s e l e c t o r ' s  only purpose i s  t o  d i r e c t  t h e  computations t o  t h e  
c o r r e c t  s ec t ion  of t h e  guidance l o g i c .  
i s  pointed downward during t h e  approach phase which ends whenever t h e  

measured acce le ra t ion  along t h e  v e l o c i t y  v e c t o r  exceeds 1 . 6  f t / s e c  
(0.05gE, where g i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  a t  t h e  su r face  of 

The l i f t  vec to r  of  t h e  spacec ra f t  

2 

E 
t h e  E a r t h ) .  I 

The t r a n s i t i o n  phase at tempts  t o  guide t h e  spacec ra f t  t o  a constant  
a l t i t u d e  path. The guidance equations f o r  t h i s  phase are based on t h e  
r e s u l t s  of reference 4, although t h e  der ived equations are d i f f e r e n t .  
L/D given by t h e  guidance equation i s  used except f o r  t h r e e  cases .  
f irst  exception, a r e s u l t  of numerical inaccuracy, i s  when t h e  est imated 
dens i ty  a t  the  beginning of t h e  constant  a l t i t u d e  phase i s  l e s s  t hen  t h e  
cu r ren t  calculated dens i ty .  The remaining two condi t ions are t h a t  t h e  
estimated acce le ra t ion  a t  t h e  beginning of t h e  constant  a l t i t u d e  phase 
i s  g r e a t e r  than t h e  maximum allowable a c c e l e r a t i o n  and t h a t  t h e  constant  
a l t i t u d e  path l i e s  below t h e  minimum permissible  a l t i t u d e .  The guidance 
w i l l  c a l l  for  f u l l  p o s i t i v e  l i f t  i f  any of t h e s e  t h r e e  s i t u a t i o n s  e x i s t .  
The t r a n s i t i o n  phase continues u n t i l  t h e  estimated t i m e  remaining be fo re  
t h e  path i s  ho r i zon ta l  i s  l ess  than  t h e  t ime r equ i r ed  t o  roll t h e  space- 

through 180°. 

The 
The 

The purpose of t h e  constant  a l t i t u d e  phase i s  t o  a l low t h e  spacec ra f t  
t o  dece le ra t e  u n t i l  t h e  e x i t  phase can be flown s u c c e s s f u l l y .  
a po r t ion  of t h e  computations f o r  t h e  e x i t  phase must be performed each 
cyc le  although t h e  spacec ra f t  i s  being guided along a constant  a l t i t u d e  
path.  The constant a l t i t u d e  phase cont inues u n t i l  t h e  t a r g e t  apoapsis 
a l t i t u d e  can be reached by use of a constant  value of L/D which i s  l e s s  
t han  some a r b i t r a r y  value.  

Therefore ,  

The e x i t  phase guidance equations a r e  based on t h e  second-order 
s o l u t i o n  t o  the  equations of motion presented i n  r e fe rence  5 .  The second- 
o rde r  solut ion i s  used t o  c a l c u l a t e  t h e  apoapsis a l t i t u d e  achieved by u s e  
of a constant value o f  L /D,  and t h e  c o r r e c t  value of L/D i s  found by use  
of a Newton-Raphson i t e r a t i o n  scheme. A combination of t h e  previous com- 
puted value o f  L/D and t h e  cu r ren t  value i s  used t o  s t e e r  t h e  s p a c e c r a f t .  
The e x i t  phase ends whenever t h e  measured a c c e l e r a t i o n  along t h e  v e l o c i t y  
vec to r  becomes less than 0.05gE. 
p l e t e d  a t  t h i s  p o i n t .  

The aerodynamic braking maneuver i s  com- 
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? 

Plane t  L/D '/'DSY psf 

Mars 0.5 100 

Mars 1 . 0  100 t o  1000 

Venus 1 .0  100 t o  1000 

The i n c l i n a t i o n  of t h e  o r b i t  i s  con t ro l l ed  by t h e  d i r e c t i o n  of t h e  
roll angle .  It i s  assumed t h a t  t h e  change i n  t h e  i n c l i n a t i o n  of t h e  o r b i t  
i s  approximated by t h e  change i n  t h e  s p a c e c r a f t ' s  heading. 
change i n  heading i s  given i n  referenc,e 7. The estimate of t h e  change i n  
i n c l i n a t i o n  during t h e  atmospheric phase i s  compared t o  t h e  des i r ed  i n c l i n a -  
t i o n  t o  determine t h e  d i r e c t i o n  of roll. 

The approximate 

Ven Y fPS 

18 000 t o  26 ooo 

18 000 t o  26 000 

36 000 t o  46 000 

5.0 NUMERICAL APPLICATION AND RESULTS 

A four-degree-of-freedom d i g i t a l  t r a j e c t o r y  program was used t o  
eva lua te  t h e  performance of t h e  combined guidance and spacecraf t  system. 
A s p h e r i c a l  r o t a t i n g  p lane t  i s  assumed f o r  t h e  t r a j e c t o r y  program. 
phys ica l  p rope r t i e s  of Mars and Venus a r e - g i v e n  i n  re ferences  7 and 8 ,  
r e spec t ive ly .  
9 and t h e  models presented i n  reference 10 f o r  Venus were used i n  t h e  s tudy .  
The v a r i a t i o n  of t h e  atmospheric dens i ty  wi th  a l t i t u d e  of t h e  t h r e e  
atmospheric models f o r  Mars and t h e  two models f o r  Venus a r e  presented i n  
f i g u r e  4. 

The 

The models of t h e  atmosphere of Mars presented i n  r e fe rence  

The nominal c h a r a c t e r i s t i c s  of t h e  c o n t r o l  system a r e  as fol lows.  

Maximum roll r a t e ,  deg/sec . . . . . . . . . . . .  220 
Ro l l  acce le ra t ion ,  deg/sec2 . . . . . . . . . . . .  +lo 
Rol l  deadband, deg . . . . . . . . . . . . . . . .  24 

The con t ro l  system c h a r a c t e r i s t i c s  a r e  those  of t h e  Apollo command module. 

Two bas i c  spacecraf t  were considered i n  t h i s  s tudy.  The L/D and 
W/CoS of t h e s e  spacecraf t  and the  range of en t ry  v e l o c i t i e s  a r e  l i s t e d  

i n  t h e  following t a b l e .  The i n i t i a l  a l t i t u d e s  were 300 000 f e e t  at Mars 
and 600 000 f e e t  a t  Venus. 

The O.5-L/D spacecraf t  i s  t y p i c a l  of t h e  t y p e  t h a t  could be used t o  
l and  on t h e  sur face  of t h e  p lane t .  Because manned landings on t h e  su r face  
o f  Venus a re  extremely un l ike ly ,  t h e  performance of t h i s  spacecraf t  a 



was considered only a t  M a r s .  The v e l o c i t i e s  include a r e a l i s t i c  range 
of entry v e l o c i t t e s  a t  each p l ane t .  

The top and bottom of t h e  en t ry  c o r r i d o r  can be designated by e i t h e r  
t h e  a l t i t u d e  of t h e  g e r i a p s i s  of t h e  approach t r a j e c t o r y  o r  by t h e  f l i g h t -  
path angle  a t  some a r b i t r a r y  a l t i t u d e .  
def ined as t h e  maximum p e r i a p s i s  a l t i t u d e  or shallowest en t ry  ang le  a t  
which t h e  guidance has t h e  c a p a b i l i t y  t o  steer t h e  spacec ra f t  t o  t h e  t a r g e t  
apoapsis a l t i t u d e .  The bottom of t h e  e n t r y  c o r r i d o r  i s  def ined by t h r e e  
d i f f e r e n t  c r i t e r i a .  The f i r s t  d e f i n i t i o n  of t h e  bottom of  t h e  e n t r y  c o r r i -  
dor i s  t h e  point  a t  which t h e  spacec ra f t  i s  subjected t o  an a c c e l e r a t i o n  
of 1Og The bottom of t h e  en t ry  c o r r i d o r  can a l s o  be  def ined as t h e  

p e r i a p s i s  a l t i t u d e  of e n t r y  angle  when t h e  minimum al lowable a l t i t u d e  of 
50 000 f e e t .  

of AV w i t h  r e spec t  t o  T 
r a p i d l y  as 

120 f p s  and 200 f p s  u n t i l  y i s  increased t o  -7". The AVT a t  -6.8' 
i s  1400 fps  arid falls ou t s ide  t h e  f i g u r e .  
i s  def ined a s  t h e  po in t  a t  which AV begins t o  inc rease  r a p i d l y  as t h e  pe r i -  

s p s i s  a l t i+ .ude  i s  lowered. This d e f i n i t i o n  i s  more nebulous than t h e  
f i r s t  two d e f i n i t i o n s .  

The t o p  of  t h e  e n t r y  c o r r i d o r  i s  

E' 

The l a s t  d e f i n i t i o n  i s  based on t h e  AVT. A t y p i c a l  v a r i a t i o n  

i s  shown i n  f i g u r e  5. The AV decreases  'en T 
i s  increased from -13" t o  -12". The AV remains between T 'en 

en 
The bottom of t h e  en t ry  c o r r i d o r  

T 

The entry co r r ido r  a t  Venus i s  presented i n  f i g u r e  6 f o r  t h e  high 
dens i ty  a.tmosphere model. The depth of t h e  e n t r y  c o r r i d o r  i s  22.0 n. m i .  
i f  t h e  W/CDS i s  1000 psf and i f  

co r r ido r  i s  p r a c t i c a l l y  independent of t h e  e n t r y  v e l o c i t y .  

V i s  36 000 f p s .  The t o p  of  t h e  e n t r y  en 

The e f f e c t  of t h e  low d e n s i t y  atmosphere on t h e  e n t r y  c o r r i d o r  a t  
Venus i s  shown i n  f i g u r e  7 .  The change i n  t h e  atmospheric models w i l l  
lower t h e  top of t h e  e n t r y  co r r ido r  t o  42.4 n. m i .  f o r  a W/CDS i s  1000 p s f .  

The corr idor  depth i s  changed l e s s  t han  2 .0  n .  m i .  The t o p  of t h e  e n t r y  
c o r r l d o r  i s  almost independent of V . The bottoms of t h e  en t ry  c o r r i d o r s  

en 
were determined by t h e  1Og a c c e l e r a t i o n  l i m i t .  The maximum dynamic p res su re  

wits 7300 psf for a W/CIjS of 1000 psf and t h e  high d e n s i t y  atmosphere. 
minimum a l t i t u d e  w a s  188 000 f e e t  f o r  a W/C S of 1000 psf and t h e  low 

dens i ty  atmosphere. 

of 200 n. m i .  and an apoapsis a l t i t u d e  of 10  000 n. m i .  w a s  between 100 f p s  
and 200 fps .  More than ha l f  of t h e  AVT was app l i ed  a t  t h e  apoapsis of t h e  

e x i t  t r a j ect o ry  . 

E 
The 

D 
The nvT f o r  a t a r g e t  o r b i t  with a p e r i a p s i s  a l t i t u d e  
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The e n t r y  c o r r i d o r  i n t o  t h e  mean d e n s i t y  atmosphere a t  Mars i s  shown 
i n  f i g u r e  8 f o r  V from 18 000 f p s  t o  26 000 f p s .  The L/D i s  1 . 0 ,  and 

W/CDS i s  100 p s f ,  500 p s f ,  and 1000 p s f .  

of t h e  e n t r y  co r r ido r  i s  2.0 n. m i .  over t h e  range of V . The t o p  of 

t h e  c o r r i d o r  i s  t h e  lowest a t  t h e  highest  

21.7 n. m i , ,  and 18.3 n. m i .  f o r  W/C S of 100 p s f ,  500 p s f ,  and 1000 p s f ,  D 
r e s p e c t i v e l y .  A l l  t h r e e  d e f i n i t i o n s  of t h e  bottom of t h e  c o r r i d o r  are 
r ep resen ted  i n  t h i s  f i g u r e .  
by t h e  minimum a l t i t u d e  of 50 000 f e e t  i f  W/C S equals  500 psf or 1000 p s f .  

The minimum c o r r i d o r  depth i s  21.5 n. m i .  i f  W/C S i s  1000 psf and in- 

c r e a s e s  t o  32.5 n. m i .  when W/CDS i s  decreased t o  500 p s f .  

100 p s f ,  t h e  bottom of t h e  e n t r y  co r r ido r  i s  def ined by t h e  maximum 
a c c e l e r a t i o n  of l o g  i f  Ven i s  g r e a t e r  t han  22 300 f p s .  I f  Ven i s  

l e s s  than  22 300 f p s ,  t h e  bottom of t h e  e n t r y  c o r r i d o r  i s  def ined by t h e  
i n c r e a s e  i n  AV The maximum entry co r r ido r  depth i s  65.0 when V i s  

The m i n i m u m  co r r ido r  depth i s  24.6 n. m i .  a t  t h e  
slowest V . 

en 
The maximum v a r i a t i o n  of t h e  t o p  

en 
and i s  29.4 n. m i . ,  Ven 

The bottom of t h e  e n t r y  c o r r i d o r  i s  def ined 

D 

D 
If W/CDS i s  

E 

T' en 
I equal  t o  22 300 f p s .  

en 

The e n t r y  co r r ido r  a t  Mars fo r  t h e  t h r e e  atmospheric models i s  pre- 
sented i n  f i g u r e  9. 
c o r r i d o r  a t  Venus w a s  r a i s e d  or lowered by changes i n  t h e  atmospheric 
model, bu t  t h e  co r r ido r  depth w a s  e s s e n t i a l l y  unaffected.  The t o p  of t h e  
e n t r y  c o r r i d o r  a t  Mars i s  lowered, and t h e  bottom of t h e  e n t r y  co r r ido r  
i s  r a i s e d  i f  t h e  d e n s i t y  i s  decreased. The minimum c o r r i d o r  depth i n  t h e  
low d e n s i t y  atmosphere i s  9.2 n.  m i .  f o r  a V of 26 000 f p s .  The cor& 

r i d o r  depth a t  t h i s  v e l o c i t y  i s  56.0 n.  m i .  f o r  t h e  high d e n s i t y  atmosphere. 

The L/D i s  1 . 0 ,  and W/CDS is 1000 p s f .  The e n t r y  

en 

A decrease i n  L/D t o  0.5 w i l l  cause t h e  t o p  of t h e  e n t r y  c o r r i d o r  a t  
M a r s  t o  be decreased between 0.6 and 2.8 n .  m i .  as shown i n  f i g u r e  10 .  
A t  t h e  same time, t h e  bottom of the e n t r y  c o r r i d o r  w i l l  be increased 
between 5.4 and 36.5 n. m i .  
atmosphere and f o r  a W/C S of 100 p s f .  D 
determined by t h e  inc rease  i n  VT over t h e  e n t i r e  v e l o c i t y  range.  The 

minimum e n t r y  co r r ido r  depth i s  11.0 when V i s  18 000 Eps. The cor- 

r i d o r  depth inc reases  t o  a maximum o f  36 n. m i .  as V i s  increased t o  

These r e s u l t s  occur f o r  t h e  mean d e n s i t y  
The bottom of t h e  e n t r y  i s  

en 

en 
26 ooo f p s .  

The depth and l o c a t i o n  of t h e  e n t r y  co r r ido r  a t  Mars change as t h e  
atmosphere i s  changed. The entry c o r r i d o r s  f o r  t h e  t h r e e  atmospheric 
models are shown i n  f i g u r e  11 for  a L/D of 0.5 and a W/CDS of 100 p s f .  



a 

The en t ry  corrj-dor f o r  t h e  mean dens i ty  atmosphere i s  t h e  same as w a s  
shown i n  f i g u r e  1 0  and i s  used f o r  comparison. If v i s  26 000 f p s ,  

t h e  depth of t h e  e n t r y  co r r ido r  f o r  t h e  high d e n s i t y  atmosphere is in- 
creased by 4 . 5  n. m i . ,  and t h e  t o p  of t h e  e n t r y  c o r r i d o r  i s  r a i s e d  by 
12 .0  m i .  
t h e  en t ry  c o r r i d o r  i s  lowered by 7.0 n.  m i .  when t h e  low dens i ty  
atmosphere i s  assumed. Changes i n  t h e  atmosphere have l e s s  e f f e c t  as 
t h e  Ven i s  decreased. 

en 

The c o r r i d o r  depth i s  decreased by 3.0 n. m i . ,  and t h e  t o p  of 

The maximum dynamic p res su re  during any e n t r y  within t h e  c o r r i d o r  
a t  Mars was 12 000 p s f ,  and t h e  maximum a c c e l e r a t i o n  w a s  l o g  

f o r  a t a rge t  apoapsis a l t i t u d e  of 1 0  000 n. m i .  and a t a r g e t  p e r i a p s i s  
a l t i t u d e  of 200 n. m i .  w a s  between 100 and 200 f p s  except f o r  t h e  low 
L/D spacecraf t  i n  t h e  dense atmosphere. I n  t h i s  ca se ,  t h e  AV increased 

r a p i d l y  a t  t h e  lower V and w a s  between 400 f p s  and 500 f p s  a t  t h e  

lowest value considered. 

The AVT E '  

T 

en 

A study of t h e  approach navigat ion and guidance co r r ido r  a t  Mars 
and Venus w a s  r epor t ed  i n  r e fe rence  11. 
guidance co r r ido r  a t  Venus i s  approximately equal t o  t h e  depth of t h e  
en t ry  corr idor  when V i s  46 000 f p s .  The depth of t h e  e n t r y  c o r r i -  

dor increases  as 

c o r r i d o r  decreases.  

1000 psf i n t o  t h e  low dens i ty  atmosphere, t h e  e n t r y  c o r r i d o r s  a t  Mars a r e  
s e v e r a l  times as l a r g e  as t h e  approach guidance c o r r i d o r s .  I t  should be 
mentioned t h a t  t h e  en t ry  co r r ido r  depths are o p t i m i s t i c  because t h e  study 
does not consider e r r o r s  such as those  which occur i n  t h e  i n i t i a l  pori-  
t i o n  and v e l o c i t y ,  i n  t h e  IMU, or i n  t h e  v e h i c l e  c h a r a c t e r i s t i c s .  The 
depth of t h e  en t ry  co r r ido r  w i l l  be decreased by any e r r o r s  which may 

The depth of t h e  approach 

en 
i s  decreased, while t h e  depth of t h e  guidance 

Except f o r  t h e  en t ry  of a 1 . 0  L/D w i t h  a W/CDS of 
'en 

occur. 

The f l e x i b i l i t y  of t h e  guidance w a s  demonstrated by t h e  v a r i e t y  of 
cases  considered. The only parameters t h a t  w e r e  changed i n  t h e  guidance 
were t h e  following: (1) t h e  p l a n e t ' s  r a d i u s ,  s p i n  r a t e ,  and g rav i t a -  
t i o n a l  constant ;  ( 2 )  t h e  L/D and W/CDS of t h e  spacec ra f t ;  and ( 3 )  t h e  

exponential decay r a t e  of t h e  atmosphere. The guidance equations were 
used s a t i s f a c t o r i l y  f o r  t h e  cases  considered. 
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6.0 CONCLUDING REMARKS 

The proposed guidance system f o r  aerodynamic braking i n t o  a p lane tary  
o r b i t  has t h e  c a p a b i l i t y  t o  perform s a t i s f a c t o r i l y  over a wide range of 
condi t ions  a t  both Mars and Venus with no changes except t hose  t h a t  de- 
s c r i b e  t h e  phys ica l  p rope r t i e s  of t h e  p lane t  or  t h e  spacec ra f t .  

The guidance w a s  used t o  evaluate  t h e  en t ry  co r r ido r s  a t  Mars and 
The W/CDS of t h e  0.5- Venus f o r  spacecraf t  with an L/D of 0 .5  or 1.0 .  

L/D spacecraf t  w a s  100 p s f ,  and the  W/CDS of t h e  l.O-L/D spacecraf t  w a s  

between 100 psf  and 1000 ps f .  
18 000 f p s  t o  26 000 f p s .  
36 000 f p s  and 46 000 fps .  
t o  be poss ib l e ,  but  i t s  use  a t  Venus i s  doubt fu l  a t  t h e  higher  values  of I 

e n t r y  v e l o c i t y .  

The e n t r y  v e l o c i t y  a t  Mars w a s  from 
The entry v e l o c i t y  a t  Venus w a s  between 

The use of aerodynamic braking a t  Mars appears 

I 
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Figure 3 .- Basic logic o f  guidance. 
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APPENDIX 

GUIDANCE LOGIC 

The fundamental equations f o r  t h e  guidance were developed i n  r e f -  
erence 2 ,  and a b r i e f  d e s c r i p t i o n  of  t h e  l o g i c  i s  presented i n  t h e  main 
t e x t  of t h i s  r e p o r t .  This appendix includes d e t a i l e d  flow diagrams of 
t h e  guidance l o g i c  and va lues  of t he  guidance cons t an t s .  

The only source of information f o r  t h e  guidance equations i s  t h e  
i n e r t i a l  i n t e g r a t i n g  accelerometers which a c t  as t h e  sensing devices .  
The output  of t h e  IMU i s  t h e  measured change i n  t h e  v e l o c i t y  along t h e  
r e fe rence  axes. This change i n  t h e  v e l o c i t y  does not include t h e  e f f e c t s  
of g r a v i t y .  The navigat ion equations ( f i g .  A - 1 )  are b a s i c a l l y  i d e n t i c a l  
t o  t h o s e  used f o r  t h e  Apollo guidance. They use  t h e  measured change i n  
t h e  v e l o c i t y  and ca l cu la t ed  e f f e c t s  of g r a v i t y  t o  determine t h e  p o s i t i o n  
and v e l o c i t y  of t h e  spacec ra f t .  The measured change i n  t h e  v e l o c i t y  i s  
a l s o  used t o  estimate t h e  acce le ra t ion  along t h e  v e l o c i t y  vector  (drag 
a c c e l e r a t i o n )  and t o  es t imate  t h e  atmospheric d e n s i t y .  

The l i f t  vector  of t h e  spacecraf t  i s  pointed toward t h e  su r face  of' 
t h e  p l ane t  during t h e  approach phase. The approach phase i s  def ined t o  
end whenever t h e  drag a c c e l e r a t i o n  exceeds 0.05g where gE i s  t h e  gravi-  

t a t i o n a l  a c c e l e r a t i o n  a t  t h e  surface of  t h e  Earth.  
E 

The t r a n s i t i o n  phase ( f i g .  A-2) a t tempts  t o  guide t h e  spacec ra f t  t o  
a constant  a l t i t u d e  path.  
a l t i t u d e  phase i s  estimated based on t h e  l o c a l  v e l o c i t y  and an a r b i t r a r y  
va lue  of L/D a t  t h e  beginning of  t h e  constant  a l t i t u d e  phase. The e s t i -  
mated d e n s i t y  i s  t hen  used t o  determine t h e  drag a c c e l e r a t i o n  a t  t h e  
beglnning of t h e  constant  a l t i t u d e  phase. The value of L/D given by t h e  
guidance equation i s  used except fo r  t h r e e  cases .  The f i r s t  exception 
i s  a r e s u l t  of numerical inaccuracy. The ca l cu la t ed  L/D i s  not used i f  
t h e  estimated d e n s i t y  a t  t h e  beginning of t h e  constant  a l t i t u d e  phase i s  
l e s s  t han  t h e  estimated l o c a l  densi ty .  The o the r  two exceptions t o  t h e  
u s e  of t h e  ca l cu la t ed  L/D a r e  cases i n  which t h e  p red ic t ed  a c c e l e r a t i o n  
a t  t h e  beginning of t h e  constant  a l t i t u d e  phase exceeds t h e  a c c e l e r a t i o n  
l i m i t  and i n  which t h e  p red ic t ed  height of t h e  constant  a l t i t u d e  path 
i s  less  than  t h e  minimum acceptable a l t i t u d e .  The guidance w i l l  command 
f u l l  p o s i t i v e  lift i f  any of  t hese  t h r e e  condi t ions e x i s t .  The t r a n s i t i o n  
phase continues u n t i l  t h e  predicted t ime remaining before  t h e  a l t i t u d e  
r a t e  i s  zero becomes less  then t h e  t ime r equ i r ed  t o  r o l l  t h e  spacec ra f t  

The densi ty  a t  t h e  beginning of t h e  constant  

a 
through 180~. a 
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The purpose of t h e  constant  a l t i t u d e  phase i s  t o  permit t h e  space- 
c r a f t  t o  d e c e l e r a t e  u n t i l  t h e  e x i t  phase can be flown success fu l ly .  There- 
f o r e ,  a po r t ion  of t h e  c a l c u l a t i o n s  f o r  t h e  e x i t  phase must be performed 
each cycle although t h e  spacec ra f t  i s  being guided along a constant  a l t i -  
tude path. 
The constant a l t i t u d e  phase i s  shown i n  f i g u r e  A-4. The purpose of t h e  
operat ions shown i n  f i g u r e  A-3(a) i s  t o  determine a value of t h e  parameter 
K which w i l l  remain constant  f o r  t h e  e x i t  phase and t o  determine t h e  
e c c e n t r i c i t y  of  t h e  e x i t  t r a j e c t o r y .  
e c c e n t r i c i t y  i s  l e s s  than t h e  maximum a l l m a b l e  value or u n t i l  t h e  L/D 
i s  l ess  than some s p e c i f i e d  value.  The l a t t e r  i s  one of t h e  cond i t ions  
which cause t h e  guidance t o  remain i n  t h e  constant  a l t i t u d e  phase. I n  
f i g u r e  A-3(b), t h e  aDoamis a l t i t u d e  of t h e  e x i t  t r a j e c t o r y  i s  c a l c u l a t e d  
and compared t o  t h e  t a r g e t  value.  The c o r r e c t  value of t h e  L/D i s  
-determined by a combination of a Newton-Raphson i t e r a t i o n  scheme 
and a l i n e a r  i n t e r p o l a t i o n .  
cu r ren t  required value and t h e  previously r equ i r ed  value.  The guidance 
escapes from t h e  i t e r a t i o n  loop by (1) s a t i s f a c t i o n  of t h e  t a r g e t  condi- 
t i o n ,  ( 2 )  remaining i n  t h e  i t e r a t i o n  loop for 20 c y c l e s ,  o r  ( 3 )  being 
unable t o  keep t h e  e c c e n t r i c i t y  below a s p e c i f i c  value.  The cons t an t  
a l t i t u d e  phase continues u n t i l  t h e  t a r g e t  apoapsis a l t i t u d e  can be ob- 
t a i n e d  by u s e  of a constant  L/D which i s  less  than  some s p e c i f i e d  v a l u e .  

The e x i t  phase i s  shown i n  f i g u r e s  A-3(a) a d  ~ - 3 ( b ) .  

The L/D i s  decreased u n t i l  t h e  

The commanded L/D i s  a combination of t h e  

The l a t e r a l  l o g i c  ( f i g .  A-5)  i s  designed t o  c o n t r o l  t h e  i n c l i n a t i o n  
of t h e  e x i t  t r a j e c t o r y  plane by a d e c i s i o n  as t o  which quadrants t h e  roll 
angle  should be  i n .  This s e c t i o n  i s  a l s o  designed t o  convert  t h e  commanded 
L/D i n t o  a r o l l  angle.  

The guidance parameters may be divided i n t o  f i v e  groups. These 
gene ra l  groups a r e  as fol lows:  (1) i n i t i a l  cond i t ions ,  ( 2 )  t a r g e t  condi- 
t i o n s ,  ( 3 )  v e h i c l e  c h a r a c t e r i s t i c s ,  ( 4 )  p l ane t  c h a r a c t e r i s t i c s ,  and ( 5 )  
guidance cons t an t s .  These parameters are l i s t e d  below. 

a .  I n i t i a l  condi t ions 

1. -3 r p o s i t i o n  v e c t o r ,  f t  

2. v ,  v e l o c i t y  vec to r ,  f t  - 
b. Target condi t ions 

haT 3 apoapsis a l t i t u d e ,  n. m i .  

2. i i n c l i n a t i o n ,  r a d  T’ 



c .  Vehicle c h a r a c t e r i s t i c s  

1. ( L m m a x ’  maximum L/D 

2.  B, b a l l i s t i c  c o e f f i c i e n t ,  psf 

d.  P l ane t  c h a r a c t e r i s t i c s  

1. R ,  r a d i u s ,  f t  

2. p, g r a v i t a t i o n a l  constant ,  f t 3 / s e c 2  

3. J ,  oblateness  c o e f f i c i e n t  

4. 6, exponent ia l  decay r a t e  of d e n s i t y ,  f t - I  

e. Guidance cons t an t s  

1. a maximum acce le ra t ion ,  5gE m y  

t h re sho ld  drag a c c e l e r a t i o n ,  0.05gE 
D t h r e s y  

2 .  

maximum e c c e n t r i c i t y ,  0.99 max ’ 3. e 

t o l e r a n c e  in  p red ic t ed  h 10  n.  m i .  4* ha, to19 a’  

5 .  hminY minimum a l t i t u d e ,  50 000 f t  

6. ( L / D ) c a ,  L/D a t  beginning of constant  a l t i t u d e  phase, 

-0.75 (L/Dlmax 

7 .  ( L / D ) e x ,  maximum L/D during e x i t  phase, 0.35 

8. ( L / D ) , ~ ,  minimum L/D during e x i t  phase, 0.09 

t o l e r a n c e  i n  K ,  10-5 9* K t o l ’  

1 0 .  K guidance g a i n s ,  0.01 
3’ 

11. K4, 100 
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12. K 10 

13. LDBIAS, 0 .5  

5' 

14. LADBI2, 4.0 

15. 6i, t o l e r a n c e  i n  i n c l i n a t i o n ,  0.5' 
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NAVIGATION 0 

1 
IF I R = l ,  THEN IROLLR=O 

1 

-4 

EXIT 
PHASE 

Ffgure A 1 . -  Naviyat io i i  sect io i i  
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PHASE 

uc = (1+ u )/2 

'E,T='S 

TRANSITION 
PHASE 
L 

a C A =  16.1 p C A  V2/ B 

Atmll = il ,t/ (I; - lire,) 

I 

L 

r 

Fiyi i rc A2. -  Approach aiitl trailsition pliases. 

1 



PHASE 9 
I 

Msw= 5 

BALLISTIC R PHASE 

N =(16.1 - K 

'EXIT=COS-l[COS~ -NP] 

UEXIT=U ew[l6.1 ~ - Y ~ ~ ~ ~ ) / B B N ]  

e =  [ 1+12 EXIT 'EXIT C 0 s 2 Y E X I T ( U ~ X l T - 2 / ~ E X l T ) ] 1 ~ 2  

1 

ALTITUDE 

Fiyure A3.- E x l t  11Iiase. 
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